Non-invasive assessment of fracture healing, both in clinical and animal studies, has gained favour as surrogate measure to estimate regain of mechanical function. Micro-computed tomography (µCT) parameters such as fracture callus volume and mineralisation have been used to estimate callus mechanical competence. However, no in-depth information has been reported on microstructural parameters in estimating callus mechanical competence. The goal of this study is to use differently conditioned mice exhibiting good and impaired fracture healing outcomes and investigate the relationship between µCT imaging parameters (volume, mineralisation, and microstructure) that best estimate the callus strength and stiffness as it develops over time. A total of 99 mice with femoral fracture and intramedullary stabilisation were divided into four groups according to conditioning: wild type, NF1 knock-out, RAG1 knock-out and macrophage depleted. Animals were sacrificed at 14, 21, 28 or 35 days and µCT parameters and torsional stiffness and strength were assessed post-sacrifice. Using linear regression for all groups and time points together, torsional stiffness could be estimated with strut thickness, strut number and strut homogeneity (R 2 = 0.546, p < 0.0001); torsional strength could be estimated using bone mineral density, strut thickness and strut homogeneity (R 2 = 0.568, p < 0.0001). Differently conditioned mice that result in different fracture healing outcomes have been shown to result in varying structural, material and volumetric µCT parameters which can be used to estimate regain of bone strength. This study is the first to demonstrate that microstructure and strut homogeneity influence callus stiffness and strength.
Introduction
Fracture stiffness has the potential to provide both a measure of the rate of healing and an objective definition of union. Since healing is the return of function and the chief function of bone is the resistance to stress, it is logical to measure the elastic modulus. Fortunately, the end-point is at a relatively low stiffness compared with the intact bone when measurements are relatively easy and stiffness correlates with strength (Chehade et al., 1997) . Strength is defined by failure and as such directly measuring strength is only possible in the laboratory or by using fracture failure as an outcome measure (Wade and Richardson, 2001) . The monitoring of stiffness is useful primarily in assessing progress towards union but is inherently limited as an assessment of strength at the time of clinical union (Chehade et al., 1997) . Torsional or bending strength, and stiffness have been used as gold standard parameters in assessing fracture healing outcome in small and large animal models (Schell et al., 2005; Claes et al., 2009; Goodship et al., 2009; Mehta et al., 2011a; O'Neill et al., 2012) . However, biomechanical assessments require destructive testing of bone, making post mortem analysis using other techniques on a structurally intact sample difficult. Furthermore, current biomechanical assessments involve testing of the fracture callus tissue at an organ level, giving no information on the influence of lower scale effects (Fig. 1) , which might give earlier and causal insights into progression or impairment of fracture healing. Recent bone healing studies have shown the influence of age, gender, fixation stability, and bone defect size on callus microstructure Mehta et al., 2011b) . However, an in-depth analysis of the effects of microstructure and its relationship to the strength and stiffness of callus have not been reported. Furthermore, the evolution of the callus structure and its relationship to callus strength and stiffness is also unknown. With the advancing super high resolution X-ray imaging technologies that will see clinical installations in the future, the knowledge on structure-function relationships over the time course of healing will provide as a valuable tool for diagnosis of fracture healing outcome in animal and clinical studies.
Micro-Computed tomography (µCT) imaging, a non-destructive technique for assessment of healing outcome, has been gaining favour (Kalpakcioglu et al., 2008; Brandi, 2009; . It has been shown that volumetric, geometrical, and compositional (Reynolds et al., 2007; . However, it is unclear how volumetric, geometrical, compositional parameters -specifically mineral density, callus volume and polar moment of inertia, influence the predictability of mechanical competence of a fracture callus. Furthermore, to what degree microstructural parameters (strut number, thickness, and separation and microstructural homogeneity) relate to callus strength and stiffness remains unknown. The goal of this study is to use differently conditioned mice exhibiting good and impaired fracture callus at different time points in the time course of healing, and relate the µCT imaging parameters (material, volume, and microstructure) that best estimate the torsional strength and stiffness of a developing mineralised callus tissue. Due to limitations in resolution of the µCT, nanoscale effects are not reported in this study.
MICROSTRUCTURE AND HOMOGENEITY OF DISTRIBUTION OF MINERALISED STRUTS DETERMINE CALLUS STRENGTH

Materials and Methods
Animal experiments were carried out in accordance with the institution guidelines and the national welfare guidelines. Animal testing was approved by local legal authorities (Landesamt für Gesundheit und Soziales, Berlin, Germany). A total of n = 99 mice were available and all were analysed, grouped according to wild type, C57Bl6/N (WT) with a total animal number of n = 40, a conditional NF1 gene knock-out, Nf1 flox/flox Prx1 Cre (NF1) with n = 14, recombination activating gene 1 knockout (RAG1-/-) mice lacking mature B and T lymphocytes (RAG) with n = 24 and a macrophage depletion (MAC) with n = 21.
A standard transverse femoral fracture was created in 8-10 week old mice with a special fracture device (Bonnarens and Einhorn, 1984; Toben et al., 2011) . The murine femora were stabilised with an intramedullary nail (Fig. 2 ). Animals were sacrificed at 14, 21, 28 or 35 days and femora were harvested (Table 1) . Fixation was removed and samples were scanned in tubes with isotonic solution aligned along the diaphyseal axis ex vivo at an isotropic voxel resolution of 10.5 µm (70 kVp, 114 mA; vivaCT 40, Scanco Medical, Brüttisellen, Switzerland). The scan included the fracture callus in all dimensions. Cortical bone was manually excluded from the volume of interest (VOI, Fig. 3 ) Mehta et al., 2010) . Exclusion of the cortical remnants avoids assessment of influences of cortical bone among the different mice, including transgenic. Therefore, biomechanical testing could be clearly attributed to the newly formed callus area for all groups. A fixed global threshold corresponding to 190 mg hydroxyapatite (HA)/cm 3 was selected through manual inspection of tomographic slices isolating the mineralised tissue and preserving its morphology while excluding unmineralised tissues. Frozen storing of the Fig. 1 . A conceptual diagram illustrating the hierarchical relationship between the varying scale effects on biomechanical outcome (callus competence and regain of bone strength) at the organ. Biomechanical testing of the callus by torsional testing of the fractured femur will characterise the net effects of lower scale factors such as macro, micro and nano scale effects (Hernandez and Keaveny, 2006) . The influence of factors such as age, gender, fixator stability and bone defect on callus competence is due to individual or a combination of lower scale effects.
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Microstructure determines fracture healing outcome femora wrapped in saline-soaked gauze was followed by embedding of both proximal and distal ends of the femora centrally into device pots using polymethyl methacrylate leaving the diaphysis untouched for testing (Fig. 4) . The free diaphysis length was set using a temporally applied metal fixator attached to the device pots to preserve bone integrity during embedding and handling. The different bone sizes required two groups of temporal external stabilisation length of 6 mm for NF1 and MAC and of 8 mm for NF1 and RAG. Biomechanical testing of the healing callus without the temporal stabilisation fixator was performed through whole bone torsional testing by application of a constant axial preload force of 0.3 N and a following torsional deflection of 0. Mehta et al., 2010) semiautomated using scanner software (Scanco Medical microCT systems software suite standard Evaluation Software v6.0, Scanco Medical) by defining the outer boundary of the callus (green) and the periosteal surface of the cortex (red) on each 2D tomogram. The volume of interest (VOI) is the region enclosed by these two boundaries. The total volume (TV) includes all voxels that are within the included VOI, bone volume (BV) would be all of these voxels that are above the threshold.
Fig. 4.
Illustration of a potting device to precisely place the mural femur bone in the device pots with temporary specimen mount for potting. The testing device pots on each end of the bone (only one shown here) were used as attachments to the BOSE mechanical test setup. The diaphysis of the bone remained untouched.
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Pearson coefficients of correlation for evaluation of the influence of the µCT parameters on the mechanical outcome have been calculated for each group and time point and altogether for the whole population. Further stepwise linear regression analyses allowing models with up to three parameters for all time points and groups together, for each single group and for each single time point (14/21/28/35 days) with all groups were performed to find dependencies of mechanical and µCT measures. Group offset was then incorporated as a fixed factor for the regression of all groups and time points together in order to account for unconsidered parameters. Calculations were performed using SPSS (Chicago, IL, USA) 17 statistics software.
Results
The study groups exhibit diverse healing outcomes reflected by varying mean stiffness ( Fig. 5a ) and strength ( Fig. 5b ) over the time course of healing and changing µCT imaging parameters (Table 4a (Table 2a, b) . Specifically, the WT group showed correlations between volumetric parameters (TV, BV) and mechanical outcome. The RAG group showed strong correlations of BV/TV and BMD with the mechanical outcome. Additionally, WT, RAG and NF1 show correlations of Tb.Th and mechanical outcome.
Correlations of individual µCT parameters with biomechanical outcome show an evolution over time (Table 2a, b) . Interestingly, it is observed that different parameters dominate at different time points of the healing course. There is an increase in the number of struts (Tb.N) between day 14-21, followed by an increase in their thickness (Tb.Th) between day 21-28, thereafter an increase in mineralisation of the struts is observed at day 28 and onwards ( Figure 6 ). The change in callus microstructure over different time points in healing impacts mechanical competence, as illustrated by linear regressions of µCT parameters with stiffness and MTF (Table 3) . Good predictors for stiffness and MTF determined by stepwise linear regression vary for parameters over time. Early on, callus stiffness was influenced by volume (BV) between day 14 and 21, and subsequently by microstructure (Tb. Sp.SD, and others) between day 21 and 28 (Table 3) . For MTF, which is an indicator of strength, microstructure had an impact from early on. Strut number (Tb.N) between day 14 and 21, Tb.Sp.SD between day 21 and 28 were observed to be good predictors. Both, MTF and stiffness at later time points can be predicted from µCT parameters with higher coefficients of determination, i.e. explaining more of the variability (Table 3) . Using a linear regression for all time points together, stiffness can be predicted for this basic population with µCT parameters with a good coefficient of determination (R 2 ) value (Fig. 7) . Torsional stiffness could be predicted (R 2 = 0.665, p < 0.0001) using: Tb.Sp.SD, Tb.Th, Tb.N and group (all predictors p < 0.05); same prediction model without group (R 2 = 0.546, p < 0.0001). A linear model with all µCT measures (without group) lead to R 2 = 0.623, p < 0.0001, only TV and Tb.N with p < 0.05.
The prediction of strength leads to superior R 2 values (Fig. 8) . Torsional strength could be predicted (R 2 = 0.793 or 0.794, p < 0.0001) using: BMD or BV/TV, Tb.Th, Tb.Sp. SD and group (for Tb.Th and group p < 0.05), without group (R 2 = 0.568 or 0.538, p < 0.0001). A linear model with all µCT measures (without group) lead to R 2 = 0.687, p < 0.0001, only BV/TV and BMD, Tb.N and Tb.Sp.SD with p < 0.05. Results of linear regression for individual time points differ from the whole set and from each other (Table 3 ) except for day 28 and MTF.
Discussion
This is the first study to highlight changes of microstructure over time course of healing and its relationship to mechanical competence of a fracture callus. The study M Mehta et al. Microstructure determines fracture healing outcome results have demonstrated (Table 4a -b, see development of Tb.N, Tb.Th, and TMD over time) that newly mineralised struts appear to populate a callus region by day 14, followed by thickening of the structures by day 21, and subsequently an increase in its mineralisation density. Only one previous study has highlighted the mineralisation wave front kinetics to occur in a 2-step process (Liu et al., 2010) . The landmark study focused on spatial and temporal mineralisation of a 2D callus, and not callus strut microstructures. In coherence, this study furthermore illustrates the microstructural changes and its relationship to mechanical competence of a healing fracture callus. This study could show that although there is no single universal predictor of bone stiffness and strength for all time points of healing, stiffness and strength could be estimated in the samples analysed in the present study with the value of microstructural parameters (Tb.N, Tb.Th) and a measure for the heterogeneity of the distribution of struts (Tb.Sp.SD). This held true for the population groups of mice analysed within the present study that exhibit a broad spectrum of fracture healing outcomes. A coefficient of determination of R 2 = 0.546 (Fig. 7) indicates that up to 54.6 % of the variability of stiffness and with R 2 = 0.568 (Fig. 8) up to 56.8 % of the variability of strength are explained by the predictive parameters of these models, callus microstructure and its heterogeneity.
Variations in callus microstructure (Tb.Sp.SD, Tb.N, Tb.Th) estimated most of the variability in the mechanical outcome. Further differences between the groups used in this study could only explain up to 11.9 % more of the variability in stiffness and up to 25.6 % more of the variability in strength as seen in the coefficients of determination with the group factor included in the otherwise same models for stiffness R 2 = 0.665 and strength R 2 = 0.794. The inter-group variability could only be partially explained with the further µCT measures: 7.7 % of group differences out of 11.9 % variability in stiffness could be explained with a model including all µCT measures (R 2 = 0.623) and up to 14.9 % of group differences out of 25.6 % of the variability in strength could be explained with a model including all µCT measures (R 2 = 0.687). Torsional testing is very sensitive and especially within this magnitude of bone sizes inherently prone to comparably large variability. This is undermined by the fact that further µCT parameters as well as a group offset could only explain a small fraction of the variability that could not be explained by microstructure or its heterogeneity. Group was incorporated into the linear regression as a fixed factor in order to account for unknown and thus unconsidered parameters that vary among groups. Notably, there is only a small variance between groups that could not be explained by the µCT parameters used in this study. This small group dependent offset might be caused by differences in the detailed local quality of microstructure (Green et al., 2011) or nanostructure such as a higher flaw rate associated with group. Although there is an effect of nanoscale variability (Burket et al., 2011; Ishimoto et al., 2013) , this could not be considered in the µCT imaging approach. Another cause of unexplained variability in strength and stiffness may originate from an inadequate degree of callus bridging or non-uniform location of bridges, especially at early time points. In this study, bony bridging was regarded as a prerequisite, evaluating only later time points of healing after day 14 already showing bony bridging. Although there are semi-quantitative methods to characterise callus bridging, they remain controversial. Therefore, callus bridging as means of estimating mechanical competence was not investigated in depth here. Measurements with µCT and their assessment also produce errors. Both image resolution, as well as the threshold used to segment the bone from soft tissue, influence the accuracy of parameter identification (Burghardt et al., 2007) . The minimum ratio of voxels to object size should be 2, but this is associated with substantial local errors, which become smaller when averaged over the entire structure . This was met in our approach, although the resolution of 10.5 µm is a general limitation of the presented method, this resolution is the current image resolution of in vivo scanners and has been used before to assess murine bone microstructure (Schulte et al., 2011 (Laib et al., 2002) and have been shown to be correlated to direct high-resolution µCT values (Burghardt et al., 2007) . Pearson correlations of different µCT measures with stiffness and strength for different time points and groups indicate multifaceted associations (Table 2a,b). As observed in Table 2a , at early time points in WT subjects, higher TV is strongly associated with higher strength, and higher BV with higher stiffness. At later time points in WT, both higher TV and BV are associated with higher stiffness, and higher BV is associated with higher strength. In our accelerated healing model (RAG), higher TV was associated with lower strength and stiffness while in the MAC group, TV had the opposite effect on strength. Depending on group, TV does not always correspond to better healing. Also, a higher strut number is only associated with a higher strength and stiffness, if the struts are aligned, connected and thick as seen for instance in WT day 28 where strut number and thickness compete in correlations. Strut number has to be evaluated together with strut thickness, connectivity density and anisotropy. The dependencies of the different parameters on each other, the high degree of multi-collinearity, make it difficult to find a small set of parameters that completely describe callus stiffness and strength. A high heterogeneity of strut thickness represents an intact bone mineralisation and remodelling process adapted to load (Glatt et al., 2007) . One would expect that a low heterogeneity of strut thickness is best for stiffness and strength. However, we found a positive correlation of Tb.Th.SD with MTF and stiffness, indicating that a broad range of thicknesses is associated with better mechanical outcome. Generally, the strut heterogeneity along with other microstructural parameters appear to be good surrogate measures for the prediction of strength and stiffness, especially when common measures such as volume and degree of mineralisation fail (Stenström et al., 2000) . BMD is strongly correlated with BV/TV, practically containing the same information in the regression model found in this study. TMD is a strong predictor of strength for WT and RAG groups with physiologically high mineralisation and remodelling rate, compare (Toben et al., 2011) . In NF1 and MAC groups, this parameter failed to correlate with stiffness or MTF. Interestingly, a higher connectivity density is correlated with lower strength and stiffness. Connectivity does not assess the mineral density or further structural quality of struts, but only their connectivity within the whole volume. A high connectivity does not necessarily result in high strength or stiffness. In our approach, the degree of anisotropy influences the mechanical outcome, but positively as in RAG or negatively as in MAC, reasonably according to the orientation of the anisotropy. Gross bone volume and material density have been analytically and empirically shown to predict strength and stiffness (Chakkalakal et al., 1990; Martin, 1991; Van der Meulen et al., 2001; Reynolds et al., 2007; . The WT and RAG groups also showed this pronounced dependency. The analytical concept of (weighted) polar moment of inertia could only achieve Entezari et al., 2011) . This is due to a number of limitations of this parameter, for instance no warping of cross sections and a Hookean material.
Little is known about microstructural influences on callus mechanical competence. This study could show empirically that evenly distributed struts seem to be essential, expressed as low standard deviation of strut separation (Tb.Sp.SD). It is reasonable, that the found regression does not display a heterogeneity correlation, because there is a mechanical dependency of the homogeneity of the distribution of bars of a stochastic, many times over-determined truss and its ultimate strength and stiffness. A callus can be considered as a framework (truss) that is statically undetermined. It is evident that the stiffness (rigidity) is a stochastic distribution whose attributes depend on the number of bars, the homogeneity of their distribution and connections and their thickness. In engineered truss structures this effect is used and most such structures display homogeneous distances between the bars. In osteoporosis and osteoarthritis studies, it has been shown before that patients with verifiably low bone strength exhibit low bone density, trabecular number and thickness and a heterogeneity of microstructure shown as high Tb.Sp.SD (Laib et al., 2002; Sornay-Rendu et al., 2009; Blaizot et al., 2012) or regional variations in the trabecular microstructure (Nazarian et al., 2007; Tassani et al., 2010; Wegrzyn et al., 2010; Hussein and Morgan, 2012) . Improved bone microarchitecture has been shown to enhance bone strength by Boyd et al. (2011) . Given that some studies (Lochmüller et al., 2008a; Lochmüller et al., 2008b) could not find an improvement of failure load prediction including bone microstructure additionally to BMD, it has to be recognised that in these studies, heterogeneity of microstructure was not considered at all, although microstructural variability has a significant effect on mechanical properties (Yeni et al., 2011) . However, to the authors' knowledge this is the first study to empirically show that fracture callus microstructure and strut homogeneity correlate with strength and stiffness of the mineralised callus tissue. Study results have shown that torsional stiffness is not only dependent on bone material (TMD, BMD), callus volume (TV, BV), but especially on microstructure (negatively with Tb.Sp.SD, positively with Tb.Th), compare Table 3 . In contrast to our expectations and the emphasis on callus volume in previous studies, compared to microstructure, callus size (girth) and geometry have reduced influence on strength and stiffness in our approach.
The regression analyses of each time point separately (Table 3) emphasise the change and evolution of variables over time. This shows the stages of the fracture healing process and what parameters mainly influence the stiffness and strength at what time point. First, a high number of uniformly distributed struts, then increase in their thickness, followed by further mineralisation of these structures contributes most to ultimate strength and stiffness of the callus tissue (compare Fig. 6 and Table  4 ), but only if a defect healing does not greatly alter the other parameters. Tissue density and bone volume gain high importance in later, equilibrium stages. However, only microstructure and its homogeneity seem to remain a robust predictor over a long course of fracture healing. It may be very tempting to build a scoring system with these µCT parameters. However, the evolution, along with conflictive and synergetic parameters, for instance many thin struts may have a similar effect as few thick struts, but many thick struts do not strongly change the result; make it difficult to implement a universal model to apply onto all healing cases. The results from this study motivate further investigations to observe individual and combined parameters in µFE models for a precise cause and effect relationship with strength and stiffness (Boyd et al., 2011) , also considering the physiological load application (Isaksson et al., 2009) .
The practical value of our approach is to show that microstructural parameters are important in addition to parameters that describe volume and mineralisation, and their influence varies temporally and spatially ( Table  3) . At different time points in fracture healing, different parameters show varying power in estimating strength and stiffness of the healing callus. Furthermore, this study shows that torsional stiffness and strength can be estimated using µCT assessment of mineralised fracture callus. Assessment of the various healing groups has shown that µCT analysis of mechanical competence of callus tissue can be quite robust when considering microstructure and its heterogeneity. While tissue density and volumetric data is widely used to characterise fracture healing, structural parameters and especially their (standard) deviations, which represent the homogeneity, will have to be investigated more thoroughly and should be reported in future bone healing studies. Additionally to the parameters listed by , homogeneity of the structural parameters should be reported, but the clinical evaluation possibilities of callus microstructure remain difficult (Cheung et al., 2013) .
